
MOLECULAR AND CELLULAR BIOLOGY, May 2010, p. 2391–2400 Vol. 30, No. 10
0270-7306/10/$12.00 doi:10.1128/MCB.01106-09
Copyright © 2010, American Society for Microbiology. All Rights Reserved.

SWR1 Complex Poises Heterochromatin Boundaries for
Antisilencing Activity Propagation�†

Bo O. Zhou,1 Shan-Shan Wang,1 Lu-Xia Xu,1 Fei-Long Meng,1 Yao-Ji Xuan,1 Yi-Min Duan,1
Jian-Yong Wang,1 Hao Hu,2 Xianchi Dong,1,3 Jianping Ding,1,3 and Jin-Qiu Zhou1*

State Key Laboratory of Molecular Biology, Institute of Biochemistry and Cell Biology,1 CAS-MPG Partner Institute for
Computational Biology,2 and Research Center for Structural Biology, Institute of Biochemistry and Cell Biology,3

Shanghai Institutes for Biological Sciences, Chinese Academy of Sciences and Graduate School of the
Chinese Academy of Sciences, Shanghai, China

Received 1 September 2009/Returned for modification 10 October 2009/Accepted 14 March 2010

In eukaryotes, chromosomal processes are usually modulated through chromatin-modifying complexes that
are dynamically targeted to specific regions of chromatin. In this study, we show that the chromatin-remodeling
complex SWR1 (SWR1-C) uses a distinct strategy to regulate heterochromatin spreading. Swr1 binds in a
stable manner near heterochromatin to prepare specific chromosomal regions for H2A.Z deposition, which can
be triggered by NuA4-mediated acetylation of histone H4. We also demonstrate through experiments with Swc4,
a module shared by NuA4 and SWR1-C, that the coupled actions of NuA4 and SWR1-C lead to the efficient
incorporation of H2A.Z into chromatin and thereby synergize heterochromatin boundary activity. Our results
support a model where SWR1-C resides at the heterochromatin boundary to maintain and amplify antisilenc-
ing activity of histone H4 acetylation through incorporating H2A.Z into chromatin.

Both histone modification and chromatin-remodeling en-
zymes affect nucleosome dynamics in Saccharomyces cerevisiae.
Histone modification enzymes covalently modify various his-
tones through chemical means, such as lysine acetylation,
serine phosphorylation, lysine and arginine methylation, ubiq-
uitylation, deimination, ADP ribosylation, and proline isomer-
ization (18). Chromatin-remodeling enzymes use the energy
of ATP hydrolysis to induce nucleosome mobility or disrupt
histone-DNA interactions (38). NuA4 is a histone acetyltrans-
ferase complex responsible for global histone H4 acetylation
(1, 12, 39). The catalytic subunit of NuA4 is Esa1, which asso-
ciates with Yng2p and Epl1p to form a smaller complex in vivo
named Piccolo NuA4 (8). Piccolo NuA4 has a nontargeted
histone acetyltransferase activity (8), while the full NuA4 com-
plex, united by the Eaf1 protein, carries out site-specific and
targeted acetylation reactions (2). The SWR1 complex
(SWR1-C) is an ATP-dependent chromatin-remodeling com-
plex that catalyzes the exchange of H2A-H2B with H2A.Z-
H2B (H2A.Z is also known as Htz1) (17, 31). Notably, the
platform proteins Eaf1 and Swr1 in NuA4 and SWR1-C, re-
spectively, not only exhibit considerable sequence similarity to
each other but also display strong and distinct homologies to
human p400/Domino (2), suggesting an evolutionary merging
of functions in higher eukaryotes.

Heterochromatin was originally defined cytologically as ge-
nome blocks where the structure of chromatin is highly con-
densed throughout the cell cycle and hence remains transcrip-
tionally silenced (36). The main structural proteins of silent

chromatin in S. cerevisiae are known as silent information reg-
ulator (Sir) proteins and include Sir2, Sir3, and Sir4. The Sir
complex propagates along chromatin to form an ordered and
compact structure that is usually restrictive to transcription
(35).

Heterochromatin spreading is limited by boundary elements
between silenced and active chromatin (35). These barriers
appear to fall into two classes (6). The first class of barrier
confers a structural characteristic to the boundary region, such
as gaps in nucleosomes or association with nuclear pores. The
second class of barrier is more dynamic and involves modifi-
cation of heterochromatin-proximal regions in a wide area.
Local chromatin dynamics can counteract the repressive Sir
activity and prevent further spread of silencing.

Both SWR1-C and NuA4 have been linked to antisilencing
functions at heterochromatin boundaries (11, 24, 27), however,
their functional interplay in antisilencing is not yet clear. In this
study, we dissected the individual and coupled actions of
SWR1-C and NuA4 at antisilencing regions. By studying the
functions of Swc4, we discovered an intrinsic relationship be-
tween NuA4 and SWR1-C in the establishment of a chromatin
boundary.

MATERIALS AND METHODS

Yeast strains and reagents. Antibodies, yeast strains, and primers used in this
study are listed in Tables S1, S2 and S3 in the supplemental material, respec-
tively.

ChIP assay. Most chromatin immunoprecipitation (ChIP) assays were per-
formed as described previously (47). For Esa1 ChIP, we followed an optimized
protocol (20). ChIP products were directly analyzed by real-time PCR using
SYBR green as a label (Toyobo). Enrichment values were the average immu-
noprecipitation (IP)/whole-cell extract (WCE) ratios from triplicate samples with
standard errors of the means (SEM). Relative occupancy of protein/modification
at indicated loci was the enrichment value at indicated loci relative to the control
loci (PRP8 for hemagglutinin [HA]-tagged Swr1 [Swr1-HA], Htz1-HA, and tan-
dem affinity purification (TAP)-tagged Swc4 [Swc4-TAP], TELVIR for H4 and
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AcH4K8, region R for Myc-tagged Esa1 [Esa1-Myc], and ACT1 for Sir2-Myc and
Sir3-Myc).

Coimmunoprecipitation assay. Yeast whole-cell extract was prepared from
�150 ml yeast culture (optical density at 600 nm [OD600] � 1.0) and then
incubated with 25-�l of IgG Sepharose beads (Amersham Biosciences) for 90
min at 4°C. Beads were then pelleted and washed three times with 1 ml of
phosphate-buffered saline (PBS). After washing, the beads were resuspended in
SDS sample buffer and subjected to SDS-PAGE electrophoresis and Western
blotting.

Immunostaining assay. Immunostaining experiments were performed as pre-
viously described (47). Confocal microscopy was performed on a Leica TCS SP2
microscope with a 63� lambda blue objective (oil). Similar filtration and thresh-
old levels were standardized for all images.

RESULTS

SWR1-C is abundant at antisilencing regions as well as
silenced HMR loci. To understand the antisilencing mecha-
nisms for SWR1-C-mediated H2A.Z deposition and NuA4-

mediated histone H4 acetylation, we first examined their
relative abundances at regions near heterochromatin. Using
chromatin immunoprecipitation (ChIP) combined with real-
time PCR, we detected the relative abundance of HA-tagged
Swr1, HA-tagged H2A.Z, and acetylated histone H4 at regions
near HMR and within the subtelomeric regions of chromo-
somes III and XIV (Fig. 1A). To distinguish between NuA4-
mediated histone H4 acetylation and histone H4K16 acetyla-
tion mediated by SAS complex (26), we used anti-acetyl H4
lysine 8 (AcH4K8) antibody instead of anti-tetra-acetylated H4
antibody. The specificity of anti-AcH4K8 antibody was vali-
dated by Western blotting and ChIP (Fig. 1B and C). As
expected, the occupancy of Swr1 was high at most of the
euchromatic regions we tested. The occupancy of Swr1 was
undetectable at distal telomeres but was surprisingly high at
HMR loci (Fig. 1D, regions D, E, F and G), where the nucleo-

FIG. 1. SWR1-C is abundant at antisilencing regions as well as silenced HMR loci. (A) Schematic diagram of four major antisilencing
chromosomal domains. Shown are the HMR silent mating-type cassette and its proximal regions and regions near the ends of chromosome III-R,
XIV-R, and IX-R. Depicted are the locations of genes used for mRNA analysis. A to Z are the locations and designations of PCR primers used
for ChIP analysis. The loci where the lac operator array was integrated are also indicated. (B) Whole-cell extracts from NSY429 strains expressing
wild-type histone H4 and an arginine substitution mutant of H4 Lys8 were subjected to Western blot analysis with the specific antibodies indicated
on the right. (C) ChIP assay on chromatin from wild-type and H4K8R mutant strains. IPs were done with increasing amounts of anti-acetyl H4K8
antibody: 1:200 (lane 1), 1:200 (lane 2), 1:50 (lane 3), and 1:25 (lane 4). (D to F) ChIP experiments with Swr1-HA (D), Htz1-HA (E), and AcH4K8
(F) in cells with various genetic backgrounds, as indicated. Primer sets with the amplified region are denoted in panel A. The gray areas are
predicted silenced regions, typically with hypoacetylated histones and abundant Sir proteins. The AcH4K8 and H2A.Z signals were corrected by
H4 density. Error bars represented standard errors of the means for three independent experiments. Values that are greater than 1 indicate more
enrichment at the indicated locus in the mutant compared than in the wild type. (G) ChIP experiments with Htz1-HA, AcH4K8, and Swr1-HA
at intergenic regions as indicated. The AcH4K8 and H2A.Z signals were corrected by H4 density.
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somes are largely hypoacetylated. This result was unexpected,
because a previous study had shown that SWR1-C was re-
cruited to hyperacetylated chromatin domains through its Bdf1
subunit (25, 46). It is possible that a subunit(s) other than Bdf1
also functions to stabilize the association of SWR1-C complex
with chromatin.

We next sought to determine if changes in heterochromatin
structure affected chromatin association of Swr1 and H2A.Z.
Deletion of SIR2, which encodes one of the structural compo-
nents of heterochromatin, disrupted heterochromatin silencing
of both HM loci and telomeres (35). Interestingly, in the ab-
sence of Sir2, the occupation pattern of Swr1 at most regions,
including distal telomeres, was barely altered (Fig. 1D). Based
on these data, we conclude that SWR1-C binds to chromatin in
a manner that is independent of the chromatin silencing status.

Preassociation of SWR1-C with chromatin is essential but
not sufficient for H2A.Z incorporation. Although SIR2 dele-
tion caused a dramatic elevation of H2A.Z levels at HMR loci
where Swr1 was present (Fig. 1D and E, regions E, F, G, and
H), it did not lead to an increase in H2A.Z levels at distal
telomeres where Swr1 was absent (Fig. 1D and E, regions R, S,
T, X, Y, and Z), suggesting that the chromatin binding of
SWR1-C contributed to the replacement of H2A-H2B with
H2A.Z-H2B. In addition, we found that Swr1 occupied many
more chromatin regions than H2A.Z. For example, Swr1 was
highly enriched at HMR, HML, and regions I and J, while
H2A.Z was not enriched over background levels at those sites
(Fig. 1D and E). Thus, the preassociation of SWR1-C with
chromatin is not the sole driving force for H2A.Z deposition.

NuA4-mediated H4 acetylation is required for H2A.Z incor-
poration at Swr1-enriched regions. Next, we considered if
NuA4-dependent H4 acetylation contributed to H2A.Z depo-
sition. Interestingly, the relative abundance of H4K8 acetyla-
tion and H2A.Z binding correlated nicely at most of the chro-
mosomal loci we examined (Fig. 1E and F), implying a
potential requirement of histone H4 acetylation for H2A.Z
incorporation into nucleosomes. Additionally, EAF1 deletion,
which eliminated H4K8 acetylation (Fig. 1F), greatly reduced
H2A.Z levels in the corresponding boundary regions (Fig. 1E).
Moreover, when a set of randomly selected intergenic regions
was examined for H2A.Z occupation, we surprisingly found
that H2A.Z was specifically incorporated into regions where
we observed significantly high levels of Swr1 and acetylated
H4K8 (Fig. 1G, regions CLB6 and DYN1). Therefore, NuA4-
dependent H4 acetylation is likely required for SWR1-C-me-
diated H2A.Z replacement of H2A at heterochromatin bound-
aries.

Targeted H4 acetylation triggers H2A.Z deposition at Swr1-
enriched regions. To investigate further the interplay between
NuA4-mediated H4 acetylation and SWR1-C-mediated H2A.Z
deposition, we adopted an artificial recruitment system (34)
where an array of lac operator sites (lacO) was integrated into
a locus �4 kb from HMR or a locus �4 kb from the end of
chromosome XIV-R (Fig. 1A). Esa1 or Swr1 was artificially
targeted to the lacO loci by being fused to the LacI repressor.
Western blot analysis with anti-LacI antibody showed that the
expression levels of fusion proteins were comparable to each
other (Fig. 2A). As expected, tethered Esa1 acetylated chro-

FIG. 2. NuA4-mediated H4 acetylation triggers SWR1-C-mediated H2A.Z deposition. (A) Western blotting was performed with whole-cell
extracts from strains with exogenous LacI fusion genes indicated on the top. Antibodies used are indicated on the right. (B to G) The lacO array
was inserted into a locus �4 kb from the end of chromosome XIV (B to D) and a locus �4 kb from HMR (E to G), as depicted in Fig. 1A.
Overexpression plasmids harboring lacI (wild type) or the ESA1-lacI or SWR1-lacI fusion were introduced into the strains that are indicated in each
panel. The relative abundance of AcH4K8 (B and E), Htz1-HA (C and F), or Sir2-Myc (D and G) was then analyzed by the ChIP experiment as
for Fig. 1E and F.
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matin near lacO (Fig. 2B and E). In contrast, tethered Swr1
increased H2A.Z incorporation into chromatin in an inefficient
way (Fig. 2C and F). Consistently, tethered Esa1 but not Swr1
attenuated Sir2 binding at regions near lacO (Fig. 2D and G).
This result coincided with the above statement that chromatin
recruitment of SWR1-C per se was insufficient for H2A.Z depo-
sition. Notably, recruited Esa1 also gave rise to a marked
increase in H2A.Z levels at HMR-proximal regions (Fig. 2F).
The increase was apparently Swr1 dependent, because tar-
geted Esa1 failed to boost H2A.Z levels at telomere XIV-R,
where Swr1 was absent (Fig. 1D and 2C). Hence, Esa1 target-
ing was able to directly induce H2A.Z incorporation at Swr1-
enriched regions.

Since both histone H4 and H2A.Z were substrates for NuA4
(1, 3), we wondered which event, either H4 acetylation or
H2A.Z acetylation, was the signal that led to SWR1-C-
dependent H2A.Z deposition. To this end, we mutated spe-
cific lysines on H4 or H2A.Z to arginines (H4K5,8,12R and
HTZ1K14R). A lysine-to-arginine mutation was unable to be
acetylated and thereby mimicked an unacetylated state. Inter-
estingly, in H4K5,8,12R cells, tethered Esa1 reduced H2A.Z
incorporation to a level much lower than that observed in
wild-type cells (Fig. 2F). In contrast, the HTZ1K14R mutation
had a modest influence on H2A.Z incorporation induced by
Esa1 tethering (Fig. 2F). These data support the idea that
H2A.Z K14 acetylation is not required for its deposition at
boundaries (3), and NuA4-mediated H4K5,8,12 acetylation
triggers H2A.Z deposition at heterochromatin boundaries.

Swc4 is required for both NuA4-mediated histone acetyla-
tion and SWR1-C-mediated H2A.Z incorporation at antisi-
lencing regions. We next considered the genetic interaction
between NuA4 and SWR1-C in antisilencing. Unfortunately,
double mutation of the key components of NuA4 and SWR1-C
(e.g., eaf1� swr1�) caused synthetic lethality (17), thereby in-
troducing challenges to the direct assessment of the genetic
interaction between these two complexes. In a large-scale
screening for mother-selfless genes in the BY4743 strain back-
ground (28), we coincidentally discovered that cells carrying a
deletion of the SWC4 gene, which encodes a shared subunit of
NuA4 and SWR1-C, were viable, although exhibiting a slow-
growth phenotype (Fig. 3A to D). The Swc4 protein contains
an N-terminal SANT domain and a C-terminal Yaf9-interact-
ing domain (YID) (7) (Fig. 3E). A SANT domain deletion
mutant (swc4sant�) phenocopied swc4� cells in yeast growth
(Fig. 3F), suggesting an essential role for the SANT domain in
mediating Swc4’s function. In addition, comparison of the tran-
scriptional profiles of swc4yid� cells to that of htz1� cells re-
vealed a marked overlap (Fig. 3G), suggesting that the YID
domain mediates Swc4’s functions in SWR1-C-dependent
H2A.Z deposition. Using analytical-scale affinity purification,
we observed that Swc4 stably associated with Esa1 and Swr1
(Fig. 3H and I). Deletion of the SANT domain or the YID
domain did not dissociate Swc4 from either of the main com-
plexes (Fig. 3H and I).

Proteins containing SANT domains had central roles in
many chromatin-modifying complexes (9, 10). SWC4 deletion
did not detectably alter global acetylation level of histone H4
(Fig. 3J), suggesting that Swc4, as is the case for Eaf1 (2),
regulates the site-specific roles of the NuA4 complex. We
therefore asked whether Swc4 contributed to the actions of

NuA4 and SWR1-C specifically at boundaries. ChIP experi-
ments were performed to monitor the chromatin changes in
swc4� cells. Interestingly, deletion of SWC4 resulted in
hypoacetylation of histone H4K8 and dramatic reduction of
H2A.Z levels at all the boundary regions we tested (Fig. 4A
and B), most likely because deletion of SWC4 reduced binding
of Swr1 and Esa1 with chromatin (Fig. 4C and D). Addition-
ally, Swc4 itself was associated with regions (Fig. 4E) that were
also bound by Esa1 or Swr1 (Fig. 4E). These data indicate that
Swc4 directly regulates the chromatin association of both
NuA4 and SWR1-C and thereby is indispensable for histone
H4 acetylation and H2A.Z incorporation at heterochromatin
boundaries.

Increased H2A.Z incorporation at subtelomeric regions re-
inforces the antisilencing activity of histone H4 acetylation.
We have shown above that H2A.Z deposition at chromosomal
regions adjacent to heterochromatin required the coordinated
action of SWR1-C and NuA4. Since Swc4 stabilized both
SWR1-C and NuA4 at boundaries, tethered Swc4 might confer
an even higher activity for H2A.Z incorporation at these sites.
To test this idea, we utilized the lacO-LacI system again to
target LacI-fused Swc4 to the subtelomeric region of chromo-
some XIV, where both SWR1-C and NuA4 were physiologi-
cally absent (Fig. 4C and D). As expected, targeted Swc4 in-
creased subtelomeric H4K8 acetylation (Fig. 4F). Strikingly,
Swc4 targeting also boosted H2A.Z levels to greater than 10-
fold above the basal level at the regions near lacO (Fig. 4G),
which was hardly seen when Esa1 or Swr1 was targeted (Fig.
2C). Thus, Swc4 likely recruits both NuA4 and SWR1-C and
couples the actions of SWR1-C and NuA4 toward H2A.Z
deposition.

To examine whether Swc4 targeting conferred higher anti-
silencing activity than Esa1 or Swr1 targeting did, we examined
Sir2 association at chromosomal regions near lacO and found
that subtelomeric association of Sir2 was markedly reduced
when Swc4-LacI was tethered to the lacO loci (Fig. 4H). The
abundance of Sir2 at region Z in the Swc4-tethering strain was
even lower than that in the Esa1-tethering strain (Fig. 4H and
2D). Additionally, the mRNA levels of PAU6, a gene located
within the subtelomeric region of chromosome XIV, were
highest in the Swc4-targeting strain (Fig. 4I). Thus, tethered
Swc4 conferred higher antisilencing activity than tethered Esa1
or tethered Swr1. The increased antisilencing activity was likely
attributable to the increased H2A.Z deposition, because teth-
ered Swc4 elevated histone H4 acetylation to a level similar to
that observed in the Esa1-LacI strain (Fig. 4F and 2B). Taken
together, these data support the argument that incorporation
of H2A.Z at the subtelomeric region enhances antisilencing
activity normally attributed to histone H4 acetylation.

Synergistic action of NuA4 and SWR1-C confers broader
antisilencing activity. To further elucidate the functional rela-
tionship between NuA4 and SWR1-C in antisilencing, we car-
ried out ChIP experiments to examine the distribution of Sir2
and Sir3 in eaf1�, swr1�, and swc4� cells. Under physiological
conditions, chromatin-bound Sir proteins were primarily local-
ized to silent chromatin regions, with limited spreading outside
the boundaries (Fig. 5A and B, gray bars). In eaf1� cells, the
binding of Sir proteins was increased in both heterochromatin
and its nearby regions (Fig. 5A and B, pink bars), suggesting
that NuA4 generally counteracts the association of Sir com-
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FIG. 3. Swc4 is a nonessential subunit shared by NuA4 and SWR1-C. (A and B) Shown is the tetrad dissection analysis of heterozygous
SWC4/swc4� diploid yeast strains in a BY4743 background. Specific genetic backgrounds are shown on the top. Spores were grown on a yeast
extract-peptone-dextrose (YPD) plate at 30°C for �60 h prior to imaging. Black circles were used to indicate the swc4� spores that had been
validated by PCR and restreaking on selection plates. (C) The heterozygous SWC4/swc4�::HIS3 strain was obtained by mating wild-type BY4742
with the BY4741-derived swc4�::HIS3 strain. Tetrad dissection was then performed as for panel A. (D) Wild-type SWC4 carried on a URA3
plasmid was introduced into the BY4743 (SWC4/swc4�::HIS3) strain, and tetrads were dissected. Spores were then restreaked on minimum
medium containing 5-fluoroorotic acid (5-FOA). Cells were grown for �60 h at 25°C prior to imaging. URA3 plasmids loss was then verified by
restreaking colonies on a YC plate lacking uracil (data not shown). (E) Schematic diagram of Swc4 domain structure. Dark boxes indicate the
SANT domain and the Yaf9-interacting domain. Numbers indicate the positions of truncation mutations for swc4sant� and swc4yid�. (F) Restreak-
ing of isogenic strains on a YC plate. Cells were grown for �60 h at 30°C prior to imaging. (G) Color representation of all genes that were
significantly reduced in expression (�1.5-fold) in mutant cells. Each column represents data from an independent microarray experiment that
compared genome-wide expression in mutant cells of the indicated genotype to that in wild-type cells. Each row represents the changes in
expression of a single gene across the experiments. Change in expression, measured as the log2 mutant/wild-type expression ratio, is indicated
according to the color scale shown. (H and I) Analytical-scale TAP purifications. Captured TAP-tagged Swc4 was detected with anti-TAP antibody.
Swc4-, Swc4sant�-, or Swc4yid�-associated Myc-tagged Esa1 (H) or Swr1 (I) was detected with anti-Myc antibody. (J) Nucleosomal histones from
wild-type and mutant strains (labeled on top) were purified and analyzed by Western blotting using antibodies indicated at left.

VOL. 30, 2010 SWR1-C PROPAGATES ANTISILENCING ACTIVITY 2395



plexes with chromatin. In swr1� cells, the relative enrichment
of both Sir2 and Sir3 was specifically increased at regions
adjacent to heterochromatin, and this increase was accompa-
nied by a modest reduction of Sir protein levels within hetero-
chromatin (Fig. 5A and B, blue bars), a result that is typical of
a Sir complex overspreading phenotype (27). Notably, in swc4�
cells, Sir proteins were now enriched in the adjacent euchro-
matin, and the levels of Sir proteins in this euchromatin were
much higher than we observed in swr1� or eaf1� cells (Fig. 5A
and B). Since all three mutants we tested did not alter the
expression of any of the major silencing-related genes, includ-
ing RAP1, SIR1, SIR2, SIR3, SIR4, and HHF1 (data not
shown), we concluded that these mutations had not likely af-
fected Sir spreading in a nonspecific and indirect manner.
Collectively, these data support the idea that Swc4 coordinates
and integrates the effects of NuA4 and SWR1-C on the asso-
ciation of the Sir complex with chromatin.

To further examine heterochromatin spreading in swr1�,
eaf1�, and swc4� cells, the subcellular localization of Myc-
tagged Sir2 was examined by immunostaining using an anti-
Myc antibody. In wild-type cells, we detected both a strong
signal within a restricted nuclear subdomain and a weaker
punctate pattern of staining (Fig. 5C). The punctate Sir2 stain-
ing likely represented telomere-localized Sir2 (14). In either
eaf1� or swr1� cells, there were no distinguishable changes to
the Sir2-Myc staining pattern compared with that in wild-type
cells (Fig. 5C). However, in the swc4� mutant, the Sir2 staining
pattern differed from that of wild-type cells by the presence of

more nuclear foci (Fig. 5C). Simultaneous immunostaining of
Sir2 and Nop1, the yeast fibrillarin homolog, showed their
colocalization and indicated an intact nucleolus in all the mu-
tant strains (Fig. 5C). Please note for Fig. 5C that the weak
Nop1 staining of one of the swc4� cells was not a result of
dispersed or diminished nucleolar Nop1 but occurred because
the nucleolus was slightly out of focus. These data, coupled
with our ChIP data, have led us to postulate that the increase
in punctate Sir2 staining in swc4� cells was most likely a result
of the ectopic spread of the Sir2 protein into a wider range of
euchromatic regions.

Previous work had shown that the ectopic spread of Sir
proteins resulted in a transcriptional repression of genes adja-
cent to heterochromatin (27). We also examined the transcrip-
tional changes in genes adjacent to heterochromatin in our
mutant strains. The mRNA levels of representative genes prox-
imal to or distant from heterochromatin (Fig. 1A) were ana-
lyzed by real-time quantitative PCR. SIR2 deletion elevated
the expression of the heterochromatin-proximal, but not the
distal, genes (Fig. 5D), revealing a limited ectopic spreading of
Sir-mediated silencing proteins under normal physiological
conditions. In swr1�, eaf1�, or swc4� mutant cells, the mRNA
levels expressed by most genes we tested were decreased (Fig.
5D), suggesting that both NuA4 and SWR1-C are required for
normal expression of genes near heterochromatin. Notably,
the SWC4 deletion strain showed the highest repressive effects
on genes adjacent to heterochromatin. For example, the ex-
pression of the GTT1 gene, which was �20 kb from the chro-

FIG. 4. Swc4 couples the actions of both NuA4 and SWR1-C on H2A.Z incorporation at boundaries. (A to E) Relative enrichments, as assayed
for Fig. 1F, of AcH4K8 (A), Htz1-HA (B), Esa1-Myc (C), Swr1-HA (D), or Swc4-TAP (E) in cells with the indicated genetic backgrounds. (F to
I) The lacO array was inserted into a locus �4 kb from the end of chromosome XIV, as depicted in Fig. 1A. Overexpressing plasmids harboring
SWC4-lacI were introduced into the modified strain. The relative abundances of AcH4K8 (F), Htz1-HA (G), and Sir2-myc (H) in the SWC4-lacI
strain was analyzed alongside the strains shown in Fig. 2 in a parallel ChIP experiment. mRNA levels of the PAU6 gene in different genetic
backgrounds was analyzed by real-time PCR. Shown are the average expression ratios (normalized by that of ACT1) relative to wild-type expression
of the indicated genotypes.
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FIG. 5. Swc4 mediates a synergistic action of NuA4 and SWR1-C toward preventing Sir-dependent heterochromatin spreading. (A and B)
Relative enrichments of Sir2-Myc (A, left panel) and Sir3-Myc (B, left panel) for wild-type (WT) and mutant cells. Average mutant/WT ratios are
shown plotted on logarithmic scales (right panels). Values greater than 1 indicate more enrichment at the indicated locus in the mutant than with
the wild type. (C) Immunolocalization of Sir2-Myc and Nop1 in wild-type and mutant cells. Sir2-Myc and Nop1 were stained by rabbit anti-Myc
antibody and mouse anti-Nop1 antibody, respectively. (D) Real-time PCR of relative mRNA levels in a cluster of genes adjacent to heterochro-
matin. Shown are the average expression ratios, which are normalized to ACT1 levels and are relative to the wild-type level for the indicated
genotypes. A log2 ratio of less than zero indicates repression of transcription, whereas a greater-than-zero ratio indicates enhancement of
transcription. Error bars represent standard errors of the means for three independent RNA purifications.
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mosome end, was slightly reduced in swr1� cells and eaf1�
cells but was strongly repressed in swc4� cells (Fig. 5D), sug-
gesting that Swc4 has the greatest role in boundary activity of
the three proteins we tested. Double mutations, eaf1� sir2�,
swr1� sir2�, and swc4� sir2�, largely relieved the repressive
effects on the transcription profile of the genes tested (Fig.
5D), suggesting that the transcriptional repression in the mu-
tant strains was Sir dependent. Since SWC4 deletion repre-
sented a synthetic defect of both NuA4 and SWR1-C, we
concluded that NuA4 and SWR1-C synergistically work to
antagonize Sir complex-mediated transcriptional silencing.

DISCUSSION

Chromatin-modifying complexes are usually targeted to spe-
cific regions in a dynamic manner to transiently modulate chro-
mosomal processes like transcription and DNA damage repair

(5, 41). In this study, we established that SWR1-C works at
regions near heterochromatin to propagate an antisilencing
signal that involves histone H4 acetylation and the promotion
of H2A.Z incorporation. Genetic and functional assays exam-
ining the role of Swc4 in antisilencing have led us to propose
that it is the synergistic actions of NuA4 and SWR1-C that lead
to the efficient incorporation of H2A.Z at regions near hetero-
chromatin and thereby contribute substantively to the levels of
heterochromatin-euchromatin boundary activity (Fig. 6).

SWC4 is a nonessential gene in the BY4743 background. In
this study, we unexpectedly identified SWC4 as a nonessential
gene in the BY4743 background (Fig. 3A to D). The severe
slow-growth phenotype of swc4� cells probably led others to
conclude that SWC4 was an essential gene (2, 4, 23, 29). Our
genetic and biochemical data have revealed that Swc4 is a
coregulator of both NuA4 and SWR1-C (Fig. 4). Since Swc4 is
a member of both NuA4 and SWR1-C (2, 17, 19, 30, 43), the

FIG. 6. Model for the actions of NuA4 and SWR1-C at heterochromatin boundaries. Step 1: SWR1-C associates with chromatin through the
shared module (Arp4, Act1, Yaf9, and Swc4). Without histone acetylation, Sir proteins tend to spread along the chromatin fiber. Step 2: NuA4
is recruited onto and acetylates heterochromatin-proximal regions. SWR1-C recognizes the acetylated histone with the help of the Bdf1 subunit.
Step 3: SWR1-C deposits histone variant H2A.Z into acetylated chromatin. NuA4 subsequently acetylates the newly deposited histone variant
H2A.Z. NuA4-mediated histone H4 and H2A.Z acetylation efficiently antagonizes Sir proteins-dependent heterochromatin spreading.
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cellular dysfunctions in swc4� cells are likely a result of a
synthetic defect of both NuA4 and SWR1-C. Our findings
indicate that subunits shared between NuA4 and SWR1-C are
not coincident but instead underlie the cooperation between
NuA4 and SWR1-C. It remains unclear how swc4� cells sur-
vive with the synthetic defect of inactivation of both NuA4 and
SWR1-C. Since all swc4� spores were viable (Fig. 3A to D), it
seems unlikely that a suppressor mutation has occurred in
every isolate of swc4� cells. One possibility is that the Swc4
regulates the chromosomal functions of NuA4 and SWR1-C at
limited regions. It will be intriguing to explore the potential
roles of Swc4 in mediating these complexes’ collaboration in
other chromatin domains.

Shared subunits at the center of circuitry between SWR1-C
and NuA4. One attractive mechanism for the synergism be-
tween SWR1-C and NuA4 involves the differing association of
unique subunits of the two complexes with the four shared
subunits Act1, Arp4, Swc4, and Yaf9. Yaf9 contributes to the
functions of both NuA4 and SWR1-C (45). Since there is
physical interaction between Swc4 and Yaf9 (7, 44), it is likely
that Swc4 links Yaf9 to NuA4 and SWR1-C and therefore
mediates the function of Yaf9 in these two complexes. The
actin protein Act1 and the actin-related protein Arp4 are two
essential skeletal components that link the shared module with
the main respective components of the complexes (40, 44).
Interestingly, Arp4 is capable of direct interaction with both
histones and nucleosomes (16). We propose that these four
shared subunits cooperatively facilitate the general association
of SWR1-C and NuA4 with chromatin.

The recruitment of SWR1-C to chromatin also involves
binding of the Bdf1 subunit to acetylated histones through its
bromodomain (21, 46). Likewise, the association of full NuA4
with promoters also involves the recognition of methylated
histone H3 lysine 4 by the Yng2 subunit through its PHD
domain (32). We propose that the shared subunits act as a
docking platform for chromatin while other subunits of the
complexes provide for the binding specificity.

Chromatin-modifying complexes synergize boundary activ-
ity. The synergistic relationship between NuA4-dependent hi-
stone H4 acetylation and SWR1-C-dependent incorporation of
H2A.Z has been previously described (13, 24, 33, 46). In this
study, we have built on these pioneering studies and demon-
strated that the coupled action of NuA4 and SWR1-C effi-
ciently antagonizes Sir protein-dependent heterochromatin
spreading. Taking advantage of Swc4, the versatile coregulator
of NuA4 and SWR1-C, we found that heterochromatin be-
came much more pervasive when both NuA4 and SWR1-C
were deregulated (Fig. 5). Using the LacI-lacO system, we
showed that corecruitment of NuA4 and SWR1-C conferred
higher antisilencing activity than either module anchoring did
alone (Fig. 2D and 4H and I).

Synergistic antisilencing actions of H2A.Z incorporation
and other chromatin modifications, such as SET1-mediated
histone H3K4 trimethylation and SAS-mediated histone
H4K16 acetylation, have also been reported (37, 42). Since
H3K4 trimethylation is proposed to regulate NuA4 recruit-
ment (32), it will be interesting to know whether H3K4 tri-
methylation contributes to boundary function through recruit-
ment of the NuA4 complex.

SWR1-C prepares boundary regions to propagate antisi-
lencing activities. The genome-wide chromatin association
pattern of H2A.Z has been mapped (15, 22, 33, 46), but the
blueprint for SWR1-C has not been well drawn. One specula-
tion is that the binding profile of SWR1-C overlaps that of
H2A.Z. Our results demonstrated that Swr1 covered a wider
range of chromosomal domains than H2A.Z did. Swr1 was
highly enriched at some heterochromatic regions, but H2A.Z
was not (Fig. 1D, E, and G). However, targeted Swr1 did not
boost H2A.Z levels in hypoacetylated regions (Fig. 2C). We
propose that recruitment of SWR1-C provides potential but by
itself is not sufficient for specific chromatin regions to incor-
porate H2A.Z.

H2A.Z incorporation appeared to take place at histone
H4K8-hyperacetylated regions (Fig. 1E, F, and 1G). These
results are in agreement with an earlier finding that the ge-
nome-wide occupancy of H2A.Z positively correlated with
AcH4K8 and AcH4K12 (46). Esa1 tethering enhanced histone
H4 acetylation and induced chromatin-bound SWR1-C to ex-
change H2A-H2B with H2A.Z-H2B. The incorporated H2A.Z
then efficiently counteracted the encroachment of heterochro-
matin silencing (27). Since histone H4 acetylation per se was a
natural antagonist of silencing, H2A.Z incorporation can fur-
ther amplify its antisilencing activity (Fig. 6).

It remains unclear how NuA4-mediated histone acetyla-
tion induces SWR1-C-mediated H2A.Z deposition. One
possibility is that histone acetylation facilitates the chroma-
tin-remodeling process by neutralizing the positive charges
on the histone surface and thereby leading to a looser config-
uration of the chromatin fiber. Interestingly, histone H4K16,
catalyzed by the SAS complex, is also required for H2A.Z
incorporation (37). It is possible that NuA4 and SAS cooper-
atively define the nucleosomal surface used for SWR1-C-me-
diated H2A.Z deposition.
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